To determine placental microRNA (miRNA) expression at different gestational age, total RNA from six first and six third trimester placentas was isolated. miRNA expression was analyzed by Affymetrix miRNA microarray, and miRNA clusters were identified by web-based programs MirClust and miRGen Cluster. qRT-PCR was carried out to validate miRNA expression, and in situ hybridization (ISH) was performed to determine compartmental localization of miRNAs within villous tissue. A total of 208 miRNA transcripts, which represent 191 mature miRNAs, were found differently expressed between first and third trimester placentas. miRNAs within the miR-17-92 cluster, C14MC, miR-371 cluster, and C19MC were significantly upregulated in the first trimester placentas. In contrast, miRNAs of the let-7 family, miR-34 family, miR-29a cluster, miR-195 cluster, and miR-181c cluster were significantly upregulated in the third trimester placentas. Increased miR-371-5p, miR-17-3p, and miR-708 -5p expression and decreased miR125b-5p and miR-139 -5p expression in the first trimester placentas were confirmed by qRT-PCR. Different expression pattern for miR-371-5p and miR-125b-5p within villous tissue was demonstrated by ISH. Distinct miRNA cluster expression profiles between the first and third trimester placentas were identified. miRNAs that regulate innate/ adaptive immune responses are strongly expressed in both first and third trimester placentas. miRNAs that exert oncogenic, angiogenic, and antiapoptotic properties are dominantly expressed in the first trimester placentas, whereas miRNAs that promote cell differentiation and function as tumor suppressors are strongly expressed in the third trimester placentas. These results indicate that miRNAs play critical roles in placental development. miRNA; placenta; pregnancy; development MICRORNAS (MIRNAS) HAVE EMERGED as important posttranscriptional regulators of gene expression. miRNAs induce translational repression, target degradation, and gene silencing by binding to complementary sequences on target messenger RNA (mRNA) transcripts. It has been estimated that ϳ30 -60% of mRNAs are regulated by miRNAs, which virtually control almost every aspect of cellular events from stem cell differentiation (4, 14) and organ development and formation (2, 6), and aging (15) to physiological/pathophysiological processes in cancer cell growth and metastasis (19, 39), genetic and cardiovascular diseases (13, 20, 38) , and metabolic disorders (34, 36).
MICRORNAS (MIRNAS) HAVE EMERGED as important posttranscriptional regulators of gene expression. miRNAs induce translational repression, target degradation, and gene silencing by binding to complementary sequences on target messenger RNA (mRNA) transcripts. It has been estimated that ϳ30 -60% of mRNAs are regulated by miRNAs, which virtually control almost every aspect of cellular events from stem cell differentiation (4, 14) and organ development and formation (2, 6) , and aging (15) to physiological/pathophysiological processes in cancer cell growth and metastasis (19, 39) , genetic and cardiovascular diseases (13, 20, 38) , and metabolic disorders (34, 36) .
The placenta is the first organ formed during pregnancy. It connects the developing fetus to the mother's uterine wall. Normal placental development is critical for a healthy pregnancy outcome to both the mother and the fetus. Although the cellular and molecular mechanisms in the regulation of placental development are largely unknown, recent studies suggest that deregulation of miRNA expression in placental trophoblasts may contribute to pregnancy complications that are associated with placental insufficiency including preeclampsia and intrauterine growth restriction (24, 33) . The placentalspecific miRNAs, chromosome 14 miRNA cluster (C14MC) and chromosome 19 miRNA cluster (C19MC), have also been described (29) . Particularly, the C14MC miRNAs are imprinted from maternal chromosome, and C19MC miRNAs are imprinted from paternal chromosome. Both C14MC and C19MC miRNAs are believed to play important roles in the regulation of cellular differentiation and immunomodulation during pregnancy. The detection of trophoblast-derived miRNAs in the maternal circulation (11, 22) further suggests their potential role as valuable biomarkers of placental function and the likelihood of molecular regulators acting on maternal systemic vasculature during pregnancy.
Recently, Morales-Prieto et al. (27) reported different miRNA expression profiles between primary isolated placental trophoblasts in culture and immortalized trophoblast HTR-8/ SVneo cells and JEG-3 choriocarcinoma cells, suggesting the involvement of miRNAs in trophoblast behavior and characteristics. In the present study, miRNA expression profile was determined in villous tissue from first and third trimester placentas. Whole villous tissue contains cytotrophoblasts, syncytiotrophoblasts, mesenchymal/stromal cells, and villous core fetal vessel endothelium, etc. A miRNA expression profile in whole villous tissue would closely represent miRNA expression without disruption of tissue integrity in an in vivo situation. We also determined expression and localization of miR-371-5p and miR-125b-5p by in situ hybridization in the first and third trimester placental villous tissue sections. Distinct miRNA expression profiles, miRNA clusters, and specific miRNA localization were found between the first and third trimester placentas.
MATERIALS AND METHODS
Placenta tissue collection. Twelve placentas were used in this study, six from third trimester and six from first trimester pregnancies. Third trimester/term placentas from normotensive pregnant women (30 -38 wk) were collected from the main hospital of Louisiana State University Health Sciences Center, Shreveport (LSUHSC-Sh), LA. First trimester placental tissues (6 -8 wk) were collected from selective pregnancy termination at the Department of Obstetrics and Gynecology, the First Hospital of Harbin Medical University, China. Tissue collection was approved by both institutions. Study subjects had normal maternal blood pressure Ͻ 140/90 mmHg without obstetrical and medical complications. None of the patients had signs of infection, nor were they smokers. Freshly obtained placental villous tissues excluding chorion, amnion, and decidua were immediately processed and either preserved in RNA later/snap-frozen for RNA isolation or fixed in 10% formalin and then embedded in paraffin.
Total RNA isolation. Total RNA was isolated from placental villous tissues with TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instruction. RNA quality and quantity were assessed by Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA).
miRNA microarray analysis. Affymetrix GeneChip 2.0 miRNA Microarray (Santa Clara, CA) was used for miRNA expression profile analysis. Briefly, 1 g of total RNA of each sample was subjected to a tailing reaction labeled with the Flashtag RNA labeling kit (Genisphere, Hatfield, PA) followed by ligation of the biotinylated signal molecule to the RNA sample according to the manufacturer's instructions. Each sample was then hybridized to a GeneChip 2.0 miRNA Array at 48°C for 16 h and then washed and stained on a Fluidics Station 450. After staining, the chip was scanned on a GeneChip Scanner 3000 7G. Expression levels of miRNA transcripts were captured through the probe set by Command Console 3.2 (Affymetrix). The expression values were summarized and normalized with the robust multichip analysis program Expression Console v.
(Affymetrix).
miRNA expression by quantitative real-time PCR. Quantitative real-time PCR (qRT-PCR) was performed to confirm the upregulation and downregulation of miRNAs in the first and third trimester placental tissues. Five miRNAs were examined, including miR-17, miR-371, miR-708, miR-125b, and miR-139. miRNA primers hsa-miR-17-3p (PM12246), hsa-miR-371a-5p (PM12791), hsa-miR-708-5p (PM11161), hsa-miR-125b-5p (PM10148), and hsa-miR-139-5p (PM12466) were purchased from Invitrogen (Carlsbad, CA). Reverse transcription was performed using a TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA). TaqMan Universal Master Mix II (AB Applied Biosystems) was used for miRNA amplification. qRT-PCR was performed using an Applied Biosystems 7900HT (PerkinElmer, Foster City, CA). Expression of small nuclear RNA (snRNA) U6 was also determined for each samples and used as an endogenous control. The threshold cycle (5) value (C T) was defined as the fractional cycle number at which signal passes a fixed threshold. The relative amount of each target miRNA to U6 was calculated using the equation 2
Ϫ⌬CT
, where ⌬CT ϭ C T miRNA Ϫ CT U6. miRNA expression by in situ hybridization. miRNA expression for miR-371 and miR-125b was further determined by in situ hybridization (ISH) on formalin-fixed, paraffin-embedded placental tissue sections from first and third trimester placentas. miRCURY LNA 5=-DIG-and 3=-DIG-labeled detection probe specific to hsa-miR-371-5p (38554-15) and hsa-miR-125b-5p (18022-15) was used. 5=-DIG-labeled LNA U6 snRNA control probe (5=-DIG/cacgaatttgcgtgtcatcctt/-3=) was used as positive control, and 5=-DIG-and 3=-DIG-labeled LNA scrambled miRNA control probe (5=-DIG/gtgtaacacgtctatacgccca/ DIG-3=) was used as negative control. All the probes and the miR-CURY LNA Optimization Kit were purchased from Exiqon (Vedbaek, Denmark) and used according to the manufacturer's instructions. The sections were counterstained with Nuclear Fast Red (Vector Laboratories, Burlingame, CA). Stained slides were then reviewed under microscope, and images were captured by PictureFrame computer software (Uptronics, Sunnyvale, CA) and recorded to a microscope-linked PC computer.
Data analysis. Statistical analysis of miRNA data was performed using the web-based computer software GeneSifter v. 4.0 (www. genesifter.com, VizX Labs, Seattle, WA). A two-tail t-test with Benjamini and Hochberg correction was used. All data were log transformed. From the set of 1,105 total miRNA transcripts on the GeneChip 2.0 miRNA Array, a set of miRNAs with more than twofold upregulation and more than twofold downregulation with a 95% significance (P Ͻ 0.05) was identified between the third trimester and first trimester placentas. miRNA clusters were identified by 
RESULTS
miRNA expression profiles and clusters in first and third trimester placentas. RNA samples from 12 placentas were analyzed by Affymetrix miRNA microarray, six from third trimester and six from first trimester pregnancies. Based on a twofold change cutoff with 95% significance (P Ͻ 0.05), a total of 208 miRNA transcripts were found differently expressed between the third and first trimester placentas, with 104 transcripts significantly upregulated and 104 transcripts significantly downregulated in the third trimester vs. first trimester placentas or vice versa. These transcripts represent a total of 191 mature miRNAs, since several miRNAs have more than one transcript in the miRNA array 2.0 platform. Table 1 is the list of 97 miRNAs from 104 transcripts that are upregulated in the first trimester compared with the third trimester placentas (Table 1) . Table 2 is the list of 94 miRNAs from 104 transcripts that are significantly upregulated in the third trimester compared with the first trimester placentas (Table 2) . Hierarchical clustering analysis of miRNAs expression between the first and third trimester placentas is shown in Fig. 1 . Complete array data are accessible through GEO Series accession number GSE42915, http://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?accϭGSE42915).
Among the 191 miRNAs, several miRNA clusters were identified and differentially expressed between the first and third trimester placentas. Clusters of miRNAs that were found significantly upregulated in the first trimester compared with the third trimester placentas are presented in Table 3 . Interestingly, 33 of 97 miRNAs (34%) that are upregulated in the first trimester placentas are localized on chromosomes 14 and 19 (Table 3 ). In addition, eight miRNAs within the miR17-92 cluster on chromosome 13q31.3 were also found strongly expressed in the first trimester placentas (Table 3) . miRNA families and clusters that are upregulated in the third trimester placentas are listed in Table 4 , which include eight members of let-7 family miRNAs, and miRNAs of miR-29 cluster on chromosome 7q32.3, miR-34 cluster on chromosome 11q23.1, miR-195 cluster on chromosome 17q13.3, and miR-181c cluster on chromosome 19q13. 13 .
Based on miRNA microarray data, five miRNAs were chosen to confirm their expression differences between the first and third trimester placentas by qRT-PCR, including miR-708, miR-371, miR-17, miR-139, and miR-125. miR-708 has the highest significant increase in the first trimester compared with the third trimester (Table 1) , whereas miR-139 has the highest significant increase in the third trimester compared with the first trimester ( Table 2) . miR-371 and miR-17 were randomly chosen from the miR-371 cluster and the miR-17-92 cluster (Table 3) , respectively. These two clusters were both significantly increased in the first trimester placentas. miR-125 was chosen because it targets vitamin D receptor (VDR) (26) , and VDR expression was significantly reduced in placental trophoblasts in preeclampsia (23) . Consistent with the microarray data, expressions of miR-17-3p, miR-371-5p, and miR-708-5p were significantly higher in the first trimester than in the third trimester placentas. In contrast, expressions of miR-125b-5p and miR-139-5p were significantly higher in the third trimester than the first trimester placentas. The fold change for expression of miR-17-3p, miR-371-5p, miR-708-5p, miR-125b-5p, and miR-139-5p is shown in Fig. 2 .
Villous tissue expression of miR-371-5p and miR-125b-5p by ISH. Previous studies revealed different miRNA expression profiles in trophoblasts isolated from first and third trimester placentas (27) . Placental villous tissue is composed of different cell types, including cytotrophoblasts, syncytiotrophoblasts, mesenchymal stromal cells, fibroblasts, and fetal vessel cells of smooth muscle cells and endothelial cells. First trimester placental villous tissues are enriched with cytotrophoblasts and mesenchymal/stromal cells but contain very few villous core fetal vessels compared with third trimester villous tissues. In contrast, abundant syncytiotrophoblasts and a plethora of villous core vessels containing endothelial cells are major components of third trimester placental villous tissue. To determine the possibility of cell-specific miRNA expression within placental villous tissue, miR-371-5p and miR-125b-5p expression was examined by ISH. Results from microarray analysis and qRT-PCR studies showed that miR-371 expression was significantly upregulated in the first trimester placentas and miR125b expression was significantly upregulated in the third trimester placentas. Different expression patterns between miR-371-5p and miR-125b-5p were observed by ISH. Representative images for miR-371-5p and miR-125b-5p expression are shown in Fig. 3 . miR-371-5p is strongly expressed in trophoblasts, especially in the basal membrane of cytotrophoblasts in the first trimester placentas (Fig. 3A) . In the third trimester placentas, miR-371-5p expression was also detected in villous stromal cells, fetal vessel smooth muscle cells, and endothelial cells (Fig. 3B) . In contrast, miR-125b-5p was mainly expressed in trophoblasts in the third trimester placentas (Fig. 3D ) compared with the first trimester placentas (Fig.  3C) . The different expression patterns of miR-137-5p and miR-125b-5p between the first and third trimester placentas suggest that miRNA expression in the placental tissue is developmentally dependent during pregnancy.
DISCUSSION
To date, numerous miRNAs have been identified to play important roles in the regulation of cell proliferation and differentiation and in organ development. Recent findings support the idea that miRNAs are key regulators of placental angiogenic and immune tolerant activities (18) . In the present study, through microarray analysis we found that a total of 191 miRNAs were differently expressed between the first and third trimester placentas. We further noticed that 39 of 97 miRNAs that are upregulated in the first trimester placentas are localized on chromosomes 13, 14, and 19 and belong to four miRNA clusters. A total of 94 miRNAs were found upregulated in the third trimester, and a number of them have been identified as having immunological and angiogenic functions and characterized as tumor suppressors.
Four clusters of miRNAs that are significantly more highly expressed in the first trimester than in the third trimester placentas are the miR17-92 cluster on chromosome13q31.3, miRNAs within C14MC on chromosome 14q32, and miRNAs within C19MC and the miR-371 cluster on chromosome 19q13.42 (Table 3 ). The miR17-92 cluster comprises six miRNA genes (pre-/pri-miRNAs), and potentially 12 mature miRNAs would be produced. Our results showed that eight members of miR17-92 cluster miRNAs were significantly upregulated in the first trimester placentas, including miR-17, miR-18a, miR-19a, miR-19b-1-star, miR-20a, miR-20b, miR92a, and miR-92a-1-star. A previous study showed that miR-17-92 cluster miRNAs play critical roles in promoting T cell proliferation and antiapoptosis to resist cell death (43) . Therefore, the miR-17-92 cluster miRNAs are very likely involved in immune tolerance and cell survival in both trophoblasts and non-trophoblasts during placental development, especially during the first trimester.
Our results showed that 11 of 34 miRNAs within C14MC and 19 of 54 miRNAs within C19MC are significantly upregulated in the first trimester placentas, which suggests that a larger portion of miRNAs in the C14MC and C19MC clusters decreases with advancement of gestation age. C14MC is the largest imprinted, maternally expressed human miRNA cluster in the placenta (40) . C19MC is the largest imprinted, paternally expressed human miRNA cluster in the placenta (29) . Imprinted genes are expressed in a parent-of-origin-specific manner; e.g., for a given locus, the paternal allele is transcriptionally active, whereas the maternal allele remains silent, or vice versa (29) . Thus, our results support the concept that both C14MC and C19MC miRNAs probably engage in immune suppressive and innate/adaptive immune responses to protect a fetus from maternal immune insults. A study by Morales-Prieto et al. (27) showed that expression of miRNAs within C19MC increases significantly from the first to the third trimester trophoblast, whereas that of C14MC members decreases. The discrepancy of C19MC miRNA expression in the first and third trimester placentas between our study and that of MoralesPrieto et al. is not known but could be due to the sample difference. Whole villous tissue without disruption of tissue integrity was used in our study, whereas isolated trophoblasts after culture were used in the Morales-Prieto et al. study, suggesting that in vitro cell culture conditions may affect miRNA expression. Nonetheless, placenta/trophoblast-derived C19MC miRNAs may contribute to maternal C19MC miRNA levels during pregnancy, since expression of C19MC miRNAs was found in trophoblast exosomes (7) and maternal plasma concentrations of cell-free C19MC miRNAs was significantly increased in pregnant women toward term (25) . Although we did not specifically examine the localization of C14MC and C19MC miRNAs within villous tissue, our miRNA-371-5p ISH data suggest that the expression level of an individual miRNA may depend on the developmental stage. The miRNA-371 cluster is located on chromosome 19, in close proximity to C19MC miRNAs. We found that miRNA-371-5p is predominantly expressed in both cyto-and syncytiotrophoblasts in the first trimester placentas and is markedly expressed in syncytiotrophoblasts, villous stromal cells, and fetal vessel Hsa-miR-498, Hsa-miR-518b, Hsa-miR-518c, Hsa-miR518d, Hsa-miR-518e, Hsa-miR-518f, Hsa-miR-519a*, Hsa-miR-519b, Hsa-miR-519c, Hsa-miR-520a, Hsa-miR520c, Hsa-miR-520d, Hsa-miR-520f, Hsa-miR-520 g, Hsa-miR-520 h, Hsa-miR-522, Hsa-miR-523, Hsa-miR-525, Hsa-miR-526a Hsa-let-7c 9q22. 32 Hsa-let-7d 19q13. 41 Hsa-let-7e 9q22.32 (Xp11.22) Hsa-let-7f-1 (7f-2) 3p21.1
Hsa-let-7 g 12q14.1
Hsa-let-7i let-7a-cluster 11q24.1 Hsa-let-7a, Hsa-miR-100, Hsa-miR-125b tumor suppressor, differentiation 41 let-7c-cluster 21q21.1 Hsa-let-7c, Hsa-miR-99a tumor suppressor, differentiation 41 endothelium in the third trimester placentas. Abundant expression of C19MC in placenta-derived stromal cells (10) supports our findings. In contrast, the pattern for trophoblast expression of miR-125b-5p is different, in which miRNA125b-5p is strongly expressed in trophoblasts of the third trimester compared with the first trimester placentas. The different expression pattern of individual miRNA in different cell types within villous tissue between first trimester and third trimester placentas further suggests that on and off of an individual miRNA expression/production within villous tissue and its roles during pregnancy is dynamic and developmental dependent. Many miRNAs that are strongly expressed in the first trimester placentas are associated with oncogenic/angiogenic and tissue remodeling. For example, miR-708 acts as an oncogene to promote cell proliferation, migration, and invasion (16) . miR-675 regulates type II collagen expression (8) . miR-210 is considered a pleiotropic hypoxamir (3). Increased miR-210 expression in the first trimester placenta reflects a physiological hypoxic condition in the early placental development. On the other hand, several miRNAs that are increased in the term placentas exert immunological and hematopoietic activity. For instance, miR-181 impacts the development of NK cells from CD34(ϩ) hematopoietic progenitor cells and influences IFN␥ production in primary CD56(ϩ) NK cells (5) . miR-424 regulates monocyte and macrophage differentiation (35) . miR-125b regulates proliferation of hematopoietic stem cells and also affects the balance of cell fates during lymphoid development, Relative Expression Relative Expression ** * 1st 3rd 1st 3rd Fig. 2 . Quantitative RT-PCR analysis of miRNA expression for miR-17-3p, miR-371-5p, miR-708-5p, miR-125b-5p, and miR-139-5p between placental villous tissues from 1st and 3rd trimester placentas (n ϭ 6 in each group). Data are expressed as fold change of mean 2 Ϫ⌬CT Ϯ SE of each target miRNA after being normalized with U6 expression. Expressions of miR-371-5p, miR-17-3p and miR-708-5p were significantly downregulated in 3rd vs. 1st trimester placentas, *P Ͻ 0.05. In contrast, expressions of miR-125b-5p and miR-139-5p were significantly upregulated in 3rd vs. 1st trimester placentas, *P Ͻ 0.05, **P Ͻ 0.01, respectively. in part, probably, by acting as a lineage-specific antiapoptotic factor (30) .
Hsa
We also noticed that eight members of the let-7 family miRNAs that were reported in humans (37) were upregulated in the third trimester placentas compared with the first trimester placentas, including let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, and let-7i. Let-7 family miRNAs have been intensively studied in cancer cells and tumor tissues. They are characterized as key miRNA regulators in development and cancer biology (17) . Two major function of let-7 family miRNAs have been identified: 1) promotion of cell differentiation and 2) tumor suppression. It was revealed that in C. elegans, let-7 upregulation mediates terminal differentiation "larval-to-adult switch" (1) . Let-7 expression is upregulated during mouse brain development (42) . In HeLa cells, overexpression of let-7 inhibits cell proliferation and promotes the G1 to S transition via regulation of key cell cycle protooncogenes, including RAS, CDC25a, CDK6, and cyclin D (18) . In prostate cancer cells, overexpression of let-7 induces G2-M phase cell-cycle arrest (21) . In contrast, downregulation or lack of expression of let-7 family miRNAs has been demonstrated in several types of cancers, including prostate cancer (28) , breast cancer (44), lung cancer (31) , and ovarian cancer (12) , etc. The finding of upregulation of let-7 family miRNA expression in the third trimester/term placentas is important, suggesting that the homeostasis of let-7 family miRNAs likely plays a critical role in regulating placental cell differentiation or placenta maturation.
In addition to the let-7 family microRNAs, several miRNAs and miRNA clusters that are strongly expressed in the term placentas have also been reported to have tumor-suppressive effects. These miRNAs include miR-125b, miR-181c, miR-195, and miRNAs within the miR-34 family (miR-34a, miR-34b, miR-34c) (41) and the miR-29 cluster (miR-29a, miR-29b, miR-29b-1-star) (9, 32) . Expressions of miR-21 and miR-221 are also increased in the third trimester/term placentas; both of them are considered inhibitory miRNAs (17) . Expression of tumor suppressor miRNAs in the term placenta provides a logical rationale that tumor suppressor miRNAs participate in placental maturation and play a role in limiting placental (vascular) tissue growth when pregnancy toward term. It is speculated that specific miRNA expression/ production may also be involved in initiating the parturition process.
miRNAs exhibit spatial, temporal, and tissue/cell specificities that result in their involvement in tissue morphogenesis, developmental timing, and cell differentiation. They regulate temporal transitions in gene expression associated with cell fate progression and differentiation throughout development. The placenta is a unique organ during pregnancy with invasive characteristics of trophoblasts and their ability to modulate the mother's immune system. In the present study, we identified different patterns of miRNA expression profiles between the first and third trimester placentas. As summarized in Tables 3  and 4 , a number of miRNAs that have oncogenic and immunologic suppressive characteristics such as miRNAs within the miR-17-92 cluster, the miR-371 cluster, C14MC, and C19MC are strongly expressed in first trimester placentas. In contrast, tumor suppressor miRNAs and miRNAs that promote differentiation and exert hematopoietic activities including let-7 family miRNAs and miRNAs within the miR-29 and miR-34 clusters are strongly expressed in third trimester/term placentas.
Although how miRNAs regulate placental and innate/adaptive immune function is largely unknown, it is believed that the endogenous autoregulatory circuit that controls miRNA production is dynamic and regulated on many levels during placental development. Thus, aberrant placental miRNA expression would no doubt have an impact on pregnancy disorders associated with placental deficiency such as intrauterine growth restriction and preeclampsia.
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